Scanning Microwave Impedance Microscopy (MIM) measurement of photoconductivity with 50 nm resolution is demonstrated using a modulated optical source. The use of a modulated source allows for measurement of photoconductivity in a single scan without a reference region on the sample, as well as removing most topographical artifacts and enhancing signal to noise as compared with unmodulated measurement. A broadband light source with tunable monochrometer is then used to measure energy resolved photoconductivity with the same methodology. Finally, a pulsed optical source is used to measure local photo-carrier lifetimes via MIM, using the same 50 nm resolution tip.
I. INTRODUCTION
Scanning Microwave Impedance Microscopy (MIM) is a scanning probe microscopy technique which measures inhomogeneity in sample conductivity and permittivity capacitively, requiring no direct electrical connection to the sample [1, 2]. The technique can achieve a spatial resolution of 50 nm [3] , determined predominately by tip size.
MIM has been applied successfully to measure conductivity inhomogeneity in a wide variety of systems, including carbon nano-tubes [3] , graphene [4] , In 2 Se 3 nanoribbons [5] , quantum hall edge states [6] , MoS 2 field effect transistors [7] , and more [8] [9] [10] [11] [12] [13] .
MIM has also been used to measure photovoltaic materials, including lead halide perovskites [14, 15] and CdTe [16] . For most of these studies [14, 16] a comparison is made between dark and illuminated MIM scans to study the spatially resolved photoconductivity of the material. This approach suffers from many drawbacks, however; the sample must be scanned multiple times, and any change in tip condition or other measurement conditions between the scans can create erroneous differences. By measuring many times at different optical powers and demonstrating a clear trend [14] these difficulties may be largely overcome.
Other optically coupled scanning probe techniques include photoconductive atomic force microscopy (AFM) [17] and photovoltaic Kelvin probe force microscopy (KPFM) [18] . Photoconductive AFM has the same drawbacks as standard conductive AFM, as compared with MIM. These include the need for an ohmic contact with the sample, and high sensitivity to the tip-sample interface contact. Photovoltaic KPFM does not involve tip-sample contact, but measures photo-voltage, rather than photoconductivity, and requires grounding the back of the sample relative to which the top surface potential is measured.
We propose and demonstrate a different approach to optically coupled MIM measurement, in which the optical power is rapidly varied ( 1kHz) and the MIM signal is demodulated at this optical modulation frequency. This approach is related to other modulated scanning capacitance measurement schemes such as scanning nonlinear dielectric microscopy [19] and scanning capacitance microscopy [20] . Both of those measurements use a low frequency (kHz -MHz) electric field modulation and measure the varying capacitance at a higher freuquency (GHz). This results in a measurement of dC/dV , the change in capacitance under applied field. Another modulated scanning capacitance method, tuning fork MIM, modulates the distance between the tip and the sample using a quartz tuning fork [21] , measuring change in capacitance as a function of tip height, dC/dz, much like electrostatic force microscopy (EFM), but with the additional information provided by a GHz measurement of both capacitance and loss.
Modulating the optical source allows us to obtain absolute, spatially resolved measurements of photoconductivity, dσ/dI, in a single scan without electrical contacts. The noise rejection of the lock-in measurement also permits photoconductivity measurements done with a weak, variable-wavelength source such as a tungsten lamp with a monochrometer, which would otherwise produce a signal too weak for standard MIM.
Finally, we implemented time-resolved optically-coupled MIM, in which an optical pulse is repeatedly applied to the sample and the subsequent MIM response is averaged over repetitions. This allows spatially and time resolved measurement of photoconductivity, which can be used to determine carrier lifetimes. The measurement of carrier lifetimes is comparable to time-resolved photoluminescence, but at higher spatial resolution and lower temporal resolution.
II. OPTICALLY MODULATED MIM
Optically modulated MIM measurement is done by applying a modulated optical source to the sample, then demodulating the MIM signal at the optical modulation frequency, as shown in Fig. 4 a. For these measurements, a fiber-coupled 455 nm LED was used, with modulation supplied by a high-speed LED controller driven with a square wave at 3 kHz.
The bare fiber end is brought within a few mm of the tip-sample interface at a roughly 30
• angle to the sample surface, illuminating a few mm 2 around the tip-sample contact.
The LED current is set such that the power output from the fiber is 1 mW as measured by a thermopile optical power sensor. We found that this power is sufficiently low to produce minimal thermal expansion effects, related to those seen in photoconductive AFM [22] .
Unlike in photoconductive AFM, MIM is not sensitive to the contact force. The thermally induced modulation of cantilever-sample distance can create a significant background at high enough optical power levels, however, beginning at ≈ 3 mW.
The optical modulation results in a signal which corresponds to the change in local conductivity under applied light, or local photoconductivity (Fig. 4 c) . The optically coupled The transition between Al and GaAs is remarkably sharp, showing <50 nm resolution (Fig. 4 d) . This can be attributed to the use of a 20 nm Rocky Mountain Nanotechnology etched platinum probe [23] .
III. ENERGY RESOLVED OPTICAL MIM
By varying the wavelength of the modulated light source it is possible to measure the photoconductivity of the material as a function of not only position but also photon energy.
For this experiment a tungsten lamp and a monochrometer with a chopper at its entrance slit are used as the modulated light-source. Spatial scans can be done at any wavelength using this setup, though the scan time must be significantly longer than when the LED source is used due to the µW power level.
Using the tunable wavelength source we can do single point spectroscopy, as shown in For all samples, the MIM channel (real or imaginary) with the greatest signal level is shown. Typical MIM response as a function of conductivity is shown in [4] . Our measurements depend on the derivative of that MIM response with respect to conductivity. Thus, at low conductivities (> 10 3 Ωcm) the real channel dominates, white at more intermediate conductivities (≈ 10 2 Ωcm) we expect the imaginary channel to be stronger than the real channel.
In a simple semiconducting system, such as those we studied here, the change in conductivity at fixed intensity over wavelength will be proportion to the internal quantum efficiency (IQE). This is because change in conductivity is given by:
where ∆p is the change in electron-hole pair concentration. The recombination rate, r recombination is proportional to the pair density, p, and the pair generation rate, r generation , is proportional to the quantum efficiency, QE λ . Since these are equal in equilibrium, we get:
Thus, the energy-resolved optical MIM signal is closely related to the IQE, as shown in Fig.   5 .
There is some variation in the literature measurements of IQE for the IR range of Si, where the intermediate IQE values can be enhanced by device structure [28] . Hence, we show only that our measured IQE for Si falls within the typical range, whereas the measurements for our direct band-gap materials, GaAs and InP, show far less variation.
This technique provides a way to spatially resolve any variation in band-gap energy with higher spatial resolution than is typically achievable by purely optical methods such as photoluminescence or reflectivity, which are limited by diffraction. 
IV. TIME RESOLVED OPTICAL MIM
In this section, we use MIM to time resolve the conductivity change immediately after a pulse of light is applied or removed. This allows us to measure the carrier lifetime in the material with the same 50 nm spatial resolution as our previous measurements. This type of measurement is also commonly done by photoluminescence [29] , which has relatively limited spatial resolution, though better time resolution.
The optical pulse train used for this measurement is the same as that for optically modulated MIM measurement, a 3 kHz square wave; however, instead of using a lockin amplifier, the resulting MIM signal is measured with a high-speed oscilloscope synced to the pulse generator (Fig. 3 a) . The oscilloscope is used to average together thousands of time-traces immediately after the falling edge of the applied optical pulse, providing a time-resolved measurement of the decrease in conductivity after sample illumination is removed.
For these measurements, we used a fiber-coupled LED light source with a high speed (1ns) diode driver. We measured this light source to provide a 20ns rise time with 40ns fall time. The 20ns filter on the output of the MIM electronics also limits the bandwidth of the measurement. However, for photovoltaic materials with carrier lifetimes of 100s of ns or microseconds, the time resolution of the instrument and light source are not a limiting factor.
We observed different signal levels and time-constants from different materials, with the high signal level and long time-constant of undoped Si providing very clear exponential behavior over multiple orders of magnitude (Fig. 3 b) . Fitting to the Si time response gives a time constant of 13.6 µs, which falls into the center of the typical distribution of lifetimes seen in undoped Si [29] .
V. DISCUSSION
We have demonstrated not only the ability to use MIM to clearly and consistently measure absolute photoconductivity with 50 nm spatial resolution, but also to measure IQE as a function of photon energy, and to measure local carrier lifetime. Combined, these methods promise to be a powerful tool to probe local effects in photo-sensitive materials, such as band-gap and carrier life-time variation near grain boundaries in perovskites [14, 15] and other polycrystalline materials [16] , as well as edge effects in 2D semiconductors [7] .
